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Abstract 
Starting from a microscopic description of the particle-
induced kinetic electron emission based on the transport 
equation formalism, the role of different excitation and 
scattering mechanisms is investigated. Especially, the 
excitation of electrons by decay of plasmons generated by 
the impinging particle results in an important contribution to 
the electron yield. In the case of ion-induced kinetic electron 
emission, the special features of the energy distribution of 
emitted electrons are related to the plasmon damping and the 
plasmon dispersion. In order to describe the available 
experimental results on nearly-free-electron metals (Al,Mg) 
in a consistent way, plasmon effects must be taken into 
account within the excitation process as well as in the 
description of the transport of excited electrons towards the 
surface of the solid. 
Key Words: Secondary electron em1ss1on, ion-induced 
electron emission, electron yield, Boltzmann equation, 
excitation process, transport process, escape process, 
plasmon creation, plasmon decay, energy distribution, 
energy angular distribution, dielectric function. 
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Introduction 
Secondary electron emission (SEE) and ion-induced 
electron emission (!IEE) are processes by which electrons 
are emitted from the surface of a solid as a result of its 
bombardment by electrons or ions, respectively. In both 
cases, the inelastic interaction between the the incident 
particles and the system of solid state electrons leads to the 
electron emission. SEE and !IEE were discovered at the 
beginning of this century. However, the details of different 
processes responsible for the electron emission are not fully 
understood. Nevertheless, the particle-induced emission 
phenomena are of fundamental importance in some 
applications. Particle-induced electron emission is utilized for 
particle detection. The ejection of electrons takes place as a 
result of plasma-wall interactions in thermonuclear fusion 
reactors. In irradiation experiments, the electron emission 
complicates the measurement of particle currents. However, 
the most important application of the SEE is scanning 
electron microscopy (SEM). 
We will not consider in the present paper aspects of 
practical applications of the particle-induced electron 
emission. For an understanding of many experimental results 
as well as in many applications, phenomenological models of 
the particle-induced electron emission work reasonably well. 
In general, these models are based on the assumption that the 
number of emerging electrons (electron yield) is proportional 
to the corresponding stopping power of the impinging 
particle. The experimental results of the specific yield A 
(defined as the ratio of the yield and the electronic stopping 
power) show that this quantity is nearly constant for proton 
impact on different metallic targets in the large energy range 
from 5 keV to 12 MeV (Hasselkamp, 1991). At present, 
there is no theoretical explanation of this behavior from a 
microscopic point of view (Brauer and Rosier, 1985). A 
decrease of A with increasing energy was found· for proton 
impact on aluminum using a transport equation approach 
(Rosier and Brauer, 1989; Rosier, 1992). In contrast to this 
result, a nearly constant specific yield was obtained by 
Dehaes and Dubus ( I 993) for proton energies up to 500 keV 
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There is a number of papers in the last years devoted to 
the fundamental aspects of the particle-induced electron 
emission. For the SEE, the following review papers should 
be mentioned: Bindi et al. (1987) and Cailler and Ganachaud 
(1990a, 1990b). In the case of IIEE, we recommend the 
review papers of Hofer (1990) and Hasselkamp ( 1991). A 
common description of both emission phenomena is 
represented in the review papers of Schou ( 1988), Rosier and 
Brauer (1991) and Devooght et al. (1991). 
The present contribution is devoted to the kinetic 
particle-induced electron emission. This means that electrons 
are excited within the solid by direct transfer of kinetic 
energy from the impinging particles. Therefore, in the case 
of IIEE, we will restrict us to impact energies that the 
contribution of the so-called potential emission, which 
proceeds in front of the surface, can be neglected. A 
comprehensive discussion of the potential electron emission 
is given by Varga and Winter (1991). 
It is impossible to formulate a general theory of 
particle-induced electron emission including all types of 
solids and experimental conditions. Therefore, some 
restrictions are necessary. At first we will restrict us to 
nearly-free-electron (NFE) metals. Only in this case, can we 
start from first principles in order to calculate the emission 
properties. Moreover, we consider polycrystalline targets. In 
this way, the complications related to the crystal structure 
can be avoided to a large extent. Most of the experiments 
are carried out on polycrystalline samples. In the case of 
IIEE, we will restrict us to proton impact. Then, there are 
no additional problems due to the projectile electrons. 
However, also in the case of proton impact, we have to take 
into account the real charge state of the projectile on their 
path through the target. Capture and loss processes lead to 
a reduction of the effective charge of the proton, especially 
at low impact energies (Echenique et al. (1988); Echenique 
et al. (1989); Penalba et al. (1990); Echenique et al. (1990)). 
By reason of simplicity, charge state effects will be neglected 
in this paper. 
It is very interesting to vary the angle of incidence. 
Depending on the projectile energy, different physical 
processes are responsible for the electron emission if we go 
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from normal to gracing incidence. In this way, it is possible 
to investigate the transition from bulk related to surface 
related properties (Pfandzelter and Landskron, 1993; Soszka 
and Soszka, 1992). Recent measurements of the IIEE from 
metal surfaces at grazing incidence indicate that it seems to 
be possible to observe the electron emission determined by 
surface or bulk related excitation processes directly. In this 
case, the transport of excited electrons which strongly 
influences the emission characteristics at large angles of 
incidence is of minor importance (Rau et al., l 993; Zheng 
and Rau, 1993; Winter et al., 1993). In order to simplify the 
mathematical description of the em1ss1on problem 
perpendicular incidence of the primary particles will be 
considered. 
Up to now there is no satisfactory description of the 
role of electron excitation by surface plasmon decay within 
the particle-induced electron emission. It follows from the 
calculations of Ganachaud and Cailler (1979a,b) and Chung 
and Everhart ( 1977) that the processes related to decay of 
surface plasmons are of minor importance concerning the 
electron yield. Nevertheless, they are visible in the energy 
spectra of emitted electrons as confirmed by the experiments. 
In the following, effects of surface plasmons will be 
neglected. More fundamental investigations of the role of 
surface plasmons in the ion-induced electron emission are in 
progress (Garcia de Abajo, 1993). 
Despite of all these restrictions, we expect that most of 
the statements obtained here concerning excitation and 
scattering processes in relation to the emission properties are 
also valid under other conditions including for instance other 
types of solids and angles of incidence. In this paper we will 
discuss in more detail the role of plasmon processes which 
lead to distinct features in the emission characteristics 
starting from a common microscopic description of both 
emission phenomena (SEE, IIEE) as formulated by Rosier 
and Brauer (1988, 1991). It should be noted in this 
connection that the contribution of plasmon decay to the 
secondary electron emission was first pointed out by Gornyi 
(1966). 
Basic Quantities for the Description of Particle-Induced 
Kinetic Electron Emission 
The number of electrons with energy E emitted _£er 
second and per unit area of the surface in the direction O is 
the basic quantity for the description of the particle-induced 
kinetic electron emission. Neglecting spin, this is the energy 
and angle dependent current density j(E,O}, which is 
normalized to the unit of particle current impinging on the 
surface with energy £0 and a given angle of incidence. 
Usually, experimental results are given for the energy 
distribution of emerging electrons 
j(E)= jJ(E,Q)df.l (1) 
the angular distribution 
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and the electron yield. In the case of IIEE, the electron yield 
denoted usually by -y is determined by the contributions of 
impinging ions and of recoil ions. However, for proton 
impact in the energy range considered here, the contribution 
of recoil ions to the electron emission can be neglected 
(Sigmund and Tougaard, 1981). The yield is given by 
(3) 
In the case of SEE, the spectrum of outgoing electrons is 
complicated by the backscattering of primary electrons. The 
integral 
~ so ¾ 
o = fi(E)dE= fi(E)dE+ fi(E)dE=o +fl (4) 
0 0 SO 
defines the total secondary yield u, the yield o of true 
secondary electrons, and the contribution of backscattered 
electrons 71 with the usual value of 50 eV for the separation 
of both types of emitted electrons. The yield of true 
secondary electrons is given by the contributions of incident 
(op) and backscattered primary electrons. 
Mathematical Description of Particle-Induced Kinetic 
Electron Emission 
The current density of inner excited electrons and, 
therefore, all measurable quantities can be obtained in a 
simple way if we know the density of inner excited 
electrons at the surface N(E',O')=N(x=O;E',rh. 
The density N(x;E', O') will be determined by solving 
Boltzmann's transport equation taking into account suitable 
boundary conditions at the surface. We describe the escape 
process of excited electrons using the standard model of a 
planar surface barrier and free electrons inside the target. In 
metals, the barrier height W is determined by the Fermi 
energy EF and the work function <I>, i.e. W=EF+<I>. 
From the conservation laws for energy and parallel 
mo.!!;entum (see Fig.!) connecting inner {E', 0') and outer 
(E,fl) variables we obtain the escape conditions 
E1>W 
(5) 
Electrons with cosa '< cosac are specularly reflected at the 
surface. 
In the case of SEE, the Boltzmann transport equation 
was extensively discussed for a layer of thickness D as well 
as for the half space (D--+oo) in a number of papers by Puff 
(1964a,b,c). This equation can also be used in the case of 
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Figure 1. Momentum diagram for the escape process. k' and 
k are the momenta of the electrons at both sides of the 
surface. ac defines the escape cone (see equ. (5)). 
I -1 
v(E)cosa I aN(x~! ,n ) =S(x,Eo;E1,0. 1) 
- v(E) N(x;E1,0.1) 
l(E) 
+ff dE11d0. 11W"(E1,D.1;E11,Q11)N(x;E11,D.11) 
(6) 
The number of electrons in the state k' {E',O') at the 
depth x created by the impinging particle is given by the 
excitation function S{x,EoE',O'). The second term on the 
right hand side denotes the number of electrons leave the 
state k' by elastic and inelastic scattering processes. The 
!!!ird term denotes the number of electrons entering the state 
k' by collisions. This number is determined by the transition 
function W1{E',O';E"Jh (Rosier and Brauer, 1991). v(E) 
and l(E) are the velocity and the total mean free path of 
electrons, respectively. 
For the half space, the boundary conditions at the 
surface x =0 which must be fulfilled by the solution of (6) 
are given for the electrons with E'> W (Puff, 1964a,b,c) 






for -~>cosa 1>-1 
E' 
Plasmon Effects 
Different simple models for the excitation and scattering 
functions are discussed by Puff (1964a,b,c). However, in 
order to describe the emission phenomenon in a consistent 
way, the different quantities which appear in the transport 
equation must be calculated starting from the dynamical 
screened Coulomb interaction between the particles. For 
instance, there are important changes concerning the role of 
different excitation processes if we include dynamical 
screening in the scattering functions compared with the 
earlier calculations based on Thomas-Fermi screening 
(Rosier and Brauer, 1988). Different problems concerning 
the solution of Boltzmann's equation using realistic scattering 
functions and correct boundary conditions are discussed in a 
number of papers by the group from Brussels (Dubus et 
al., 1986; Devooght et al., 1987; Dub us et al., 1987; Dubus et 
al., 1990; Devooght et al., 1991; Devooght et al., 1992; Dubus 
et al., 1993). It is shown by these authors solving 
Boltzmann's equation for a homogeneous excitation in an 
infinite medium including the condition of specular reflection 
that the electron yield is overestimated by 25 % compared 
with the calculation for the half space including the boundary 
conditions (5). Nevertheless, we will use the so-called 
infinite slowing down (ISD) model in the following because 
it is difficult to determine the surface correction including 
our excitation functions and scattering functions calculated 
from first principles. 
In the case of SEE for primary energies above l keY as 
well as in the case of proton impact for impact energies 
above 20 keY, the range of the impinging particle is larger 
than the maximum escape depth. Therefore, in both cases, 
the assumption of a homogeneous excitation is justified. 
Then, instead of (6) we start with the equation 1) 
v(E') N,(£ 1 0 1)=S(E ·E' 01) 
l(E') ' 0' ' + (8) 
+ J J dE 11dQ 11W"(E1,Ci1;E11,0.11)N(E 11,011) 
The part of the current density of inner excited electrons 
which is relevant for the emission process is given by the 
solution of (8) and the escape conditions (5) according to 
HE1, 0 1) =v(E')coscx 10(£ 1 -W) x 
(9) 
x0( cos ex 1-coscx )N(E 1,i5.1) 
(8) and (9) are the basic equations of the ISD model. In this 
formulation, the escape conditions are given by simple unit 
step functions (8-functions). The three step description of 
1l1n the case of SEE at low primary energies (in the region 
of the yield maximum and below) the slowing down of 
primary electrons as well as the straggling of the primary 
beam lead to a spatial dependence of the excitation function. 
There are several attempts (Bennet and Roth, 1972; Bindi et 
al., 1980; Dubus et al., 1987) to solve the Boltzmann 
equation (6) in this case using a slowing down transport 
equation for the primary electrons in order to determine the 
spatial dependence of the excitation function. 
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the emission phenomenon (excitation, transport, escape) will 
be obvious because the escape process is not enclosed in 
complicated boundary conditions for solving Boltzmann's 
equation as mentioned before. 
The energy and angle dependent current density of 
emerging electrons can be obtained from particle 
conservation at the surface 
and the simple relations between outer and inner variables: 
E1=E+W; cosa:1 = 
Ecos 2cx+ W 
E+W 
The final expression reads 







It is usual to handle the angular dependence of the 
problem by expansion into Legendre polynomials. Then we 
obtain from (8) a set of independent integral equations 










where N1, S1,and W[ are the expansion coefficients of the 
electron density, excitation function, and the transition 
function, respectively. Depending on the behavior of the 
excitation function the integration over the energy is 
extended up to a suitable upper limit Emax::; Eo. 
The final expressions for the most interesting quantities: 
energy distribution of emerging electrons and the electron 
yield are given in this expansion scheme by 
j(E) =21tv(E)0(E 1 - W) LA /E)N J.E) (14) 
1=0 
and (-y in the case of IIEE, op in the case of SEE) 
- E.,.,_ 






AJ.E) = J dx.xP1(x) (16) 
ff, 
P1 is the Ith Legendre polynomial. 
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Scattering Processes Within Metals 
The different microscopic quantities governing the 
excitation of solid state electrons by the impinging electron 
or ion and the transport of inner excited electrons are 
directly related via the screened Coulomb interaction to the 
complex wave number and frequency dependent dielectric 
function e(q,w) =e 1 (q,w) +i e2 (q,w) of the solid. In general, 
we have to take into account the lattice structure of the solid. 
Therefore, instead of the dielectric function e(q,w) we have 
a dielectric matrix e(q+K,q+K') which must be inverted in 
order to obtain the screened interaction potential in a 
periodic solid. Kand K' are vectors of the reciprocal lattice. 
In the following, we will restrict us to NFE metals. 
Then it is possible to describe the different processes which 
are responsible for the emission within the free-electron-gas 
model or within a model of a real solid which allows a 
simple model potential description of the band structure. 
Starting from a general expression for the transition rate 
for the probability of scattering of two screened point 
charges (single charged) described by Bloch states denoted 
by the wave-vectors ½ and ½ 
(17) 
it is possible to calculate the different mean free paths and 
transition functions as well as the excitation functions. O is 
the normalization volume. 
In the description of the transport process for excited 
electrons, all particle states in ( 17) are related to electrons. 
By summation over the initial state k2 ( < Fermi momentum 
kF) (including the spin summation) and one of the final states 
we define (Tung and Ritchie, 1977; Rosier and Brauer,1991) 
the transition rate 
(18) 
and the excitation rate 
(19) 
The microscopic processes related to these rates are shown 
schematically in Fig.2 including the conduction band only. 
Besides the single particle processes related to the 
conduction electrons (e) and core electrons (c) described by 
8 
(18), we have to take into account the plasmon processes in 
the total transition rate: 
(20) 
This can be done with the help of the energy loss function 
-Im(l le) (Pines, 1963). All the contributions in (20) can be 





In NFE metals the system of conduction electrons can 
be described in a first approximation by the free-electron-gas 
model. Neglecting exchange and correlation effects the 
dielectric function is given by the well-known expression in 
the random phase approximation (RPA) first proposed by 
Lindhard (1954) (see e.g. Mahan, 1990) 
2cr.r 











and a=(4/91r) 113. Wave number and energy are given in 
units of Fermi momentum kF and Fermi energy Ep· x=qlkp 
y=1zw/EF. It is convenient to express the density of the 
electron gas by the dimensionless parameter r
5 
(n=[41r(a 8rJ313r1, a8 is the Bohr radius). 
The elementary excitation spectrum related to the RPA 
dielectric function is shown in Fig.3. Besides the region of 
pair excitations (shaded area), there is the plasmon mode 
Y/xJ = hwiq)IEF which is determined bye I (x,yix)) =0. The 
plasmon mode is restricted to wave numbers below the cut-
off wave number qc. The finite value of the plasmon 
frequency at zero wave number is related to the electron 
density by the well-known expression wP.(0)=41rne2!m. For 












Figure 2. Electron-electron scattering processes for excited 
electrons with participation of the conduction band 
(schematic). We(E,E') and ~(E,E') are related to the 
transition and the excitation probability, respectively. 
obtain hwp(O)= 15.7 eY and 10.9 eV, respectively. The 
experimental values are 15.0 eV (Kloos, 1973; Raether, 
1980) for Al and 10.4 eV (Kloos, 1973) for Mg. The 
deviations from the electron gas values can be attributed 
mainly to the contributions of interband processes as well as 
core polarization effects (Sturm, 1982). 
Despite this distinct influence of solid state effects on 
the plasmon properties which takes place in different NFE 
metals, it seems to be sufficient to describe the direct 
excitation of conduction electrons by the impinging particle 
as well as the contributions to the transition function (20) 
which are are related to the conduction electrons within the 
free electron gas model in RPA. In this case, the energy loss 
function can be decomposed into single particle and plasmon 







Inserting (25) into (21) we obtain Wik',k) and W/k',k). 
In order to describe the different quantities which are 
responsible for the emission phenomena with higher 
accuracy, we have as a first possibility to take into account 
lattice effects. This will be discussed below. The second 
possibility is to describe the system of free electrons with 
higher accuracy including exchange and correlation effects. 




Figure 3. Elementary excitation spectrum of the 
homogeneous free-electron gas in the random phase 
approximation. Yp is the plasmon mode and qc (xc=q/kF) is 
the plasmon cut-off wave number. The region of electron-
hole pair excitations is given by the shaded area. 
especially at large momentum transfer. Using the 
approximation for the so-called local field correction to the 
RPA dielectric function given by Vashishta and Singwi 
( 1972) Devooght et al. ( 1991) and Dub us et al. (1993) have 
shown that there is a significant reduction of the number of 
emitted electrons. Nevertheless, we will use the RPA 
dielectric function in order to describe the scattering 
properties related to the system of conduction electrons 
throughout this paper. 
Nearly-free-electron metals 
As discussed before, there are different scattering 
processes in metals which can be described with sufficient 
accuracy within the free-electron-gas model. Nevertheless, 
sometimes it seems to be necessary to go beyond this simple 
model in order to interpret special features of the 
experimental spectra. In the RPA, there is no damping of 
bulk plasmons for wave numbers below qc. However, a 
finite plasmon line width is observed in real metals, 
especially in simple metals where the plasmon is a well-
defined elementary excitation. There is no satisfactory 
explanation of this finite plasmon line width within the free-
electron-gas model. In this model, the decay of plasmons for 
q < qc is possible only by higher order processes, e.g. the 
creation of two electron-hole pairs or the simultaneous 
creation of one electron-hole pair and a plasmon with lower 
energy. However, these processes become more important 
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only with increasing wave number. As shown for the first 
time by Paasch (1970) that the plasmon damping in simple 
metals is primarily determined by interband transitions. Later 
on, detailed calculations of the plasmon properties were 
performed by Sturm (1976, 1977, 1982) for crystalline 
simple metals and semiconductors. 
It is obvious that the interband transitions which are 
responsible for the plasmon damping lead on the other hand 
to an excitation of conduction electrons by decay of 
plasmons which are created by the impinging particle as well 
as by other excited electrons. In the following sections, we 
will discuss the role of both these types of processes in the 
description of particle-induced electron emission. By that 
reason, it is useful to consider the plasmon damping at first 
in more detail. 
In NFE metals, the electronic structure is well described 
within a model potential scheme. Then, according to Sturm 
(1982), the diagonal element of the inverse dielectric matrix 
may be expressed by an effective dielectric function 
(26) 
where Ee_tlq,w) is given by the diagonal element of the 
dielectric matrix E(q°"',q,w) modified by local field corrections. 
These local field corrections containing the nondiagonal 
elements of the dielectric matrix lead to higher order 
corrections with respect to the weak model potential and can 
be neglected in calculating the plasmon damping as shown by 
Sturm (1977). Using the energy loss function, the plasm on 
line width is defined in the usual way by 
1-im----= Im-------
1 e,j.if,w/ij)) e,j.if,w/ij)± r~l) 
Then we obtain for the plasmon damping 





Using the extended zone scheme, the interband contribution 
to the imaginary part of the effective dielectric function may 
be written in terms of Bloch integrals 
41t2e2 , , 
Ime,J.lj,w)=--L 8[Ef•q•.CEF]8[EF-Ef]x 
q1Q f,i (29) 
x IBi(k,k+lj+K) l 2o(Ef,if,rEchw) 
where the Bloch integral is defined according to 
BK(f,f1)= ~ f u;(f)uf'(_f)e;ird 3f 
oo. 
(30) 
n0 is the volume of the unit cell and u;(r) is the periodic 
part of the Bloch function. In calculating the plasmon 
damping, the Bloch energies in the 8-functions and in the b-
function are replaced by simple free electron expressions. 
Within the model potential scheme, wave functions and 
energies are given by the perturbation theory with respect to 
this weak model potential. The description of interband 
processes requires the calculation of the electronic structure 
in the vicinity of the zone boundaries with sufficient 
accuracy. This can be done by perturbation theory for nearly 
degenerate states (two-band model). Then we obtain for the 
square of the Bloch integral in (29) 
(D-+D-,)2 
1Bi(f,f1) 12= IV 12 k k 
K (D:+ I Vgl2)(D;,+ I Vgl2) (31) 
with 
VK 3.1:e the Fourier coefficients of the local model potential 
and E( is the well-known square root expression for the 
Bloch energies (Ashcroft and Mermin, 1976). In the 
denominator of (28), Eeff can be replaced by the RP A 
dielectric function. The calculations up to this point follow 
the lines given by Sturm (1982). In order to obtain a formula 
for polycrystalline materials, the expression (28) should be 
averaged over all directions of K (dOK=dcosi'Jd(p, 
t'J=Li(K,q+K}) (Puff, 1961). Then the final expression for 
the plasmon line width for a polycrystalline material is given 
by (Rosier and Brauer, 1981a; Rosier, 1993b) 
k+q I 
x J dp0[p- lKl-
lk-ql 
h 
22m f x-- -2 k +Tw/q)] dcplB (k,k+ij+K)I 
0 
(32) 
where p = I k+ql . n[K] is the number of reciprocal lattice 
vectors of equal lengths. At zero wave number we obtain, in 
the case of a local model potential, the simple formula 
(Rosier and Brauer, 1981b) 
(33) 




Depending on the lattice structure (Al: fee; Mg: hep), we 
have to take into account reciprocal lattice vectors of 
different order. For small wave numbers, r(q) is determined 
for Al by the contributions from nearest, next nearest, and 
third nearest neighbours. For larger wave numbers, we have 
to take into account larger reciprocal lattice vectors (Sturm, 
1977; Rosier and Brauer 1981b). For Mg, four different 
groups ofreciprocal lattice vectors contribute to r(O) (Sturm, 
1976). Excellent agreement was obtained with the 
experimental result (r(0J=0.7 eV) given by Kloos (1973). 
Therefore, it seems to be justified to use the same model 
potential Fourier coefficients in calculating the excitation and 
scattering functions. 
Excitation and Scattering Properties Related to Plasmon 
Processes 
In this chapter we will describe in more detail the 
plasmon processes concerning the excitation of solid state 
electrons and the transport of excited electrons 
Excitation properties 
The interaction between the incident particle and the 
electron system of the metal leads to different possibilities of 
generating excited electrons. It should be noted that the 
different excitation processes are very similar for SEE and 
IIEE. In both cases, we have to take into 
account the following four excitation mechanisms: 
-excitation of conduction electrons via screened particle-
electron interaction (e) 
-excitation of conduction electrons by decay of bulk 
plasmons generated by the incident particle (p) 
-excitation of core electrons (c) 
-excitation by Auger processes (a) which immediately 
follow the excitation of inner shell electrons 
Therefore, the total excitation function may be written as 
i=e,p,c,a (35) 
With exception of the excitation via Auger processes, 
the number of electrons thrown into the state k by the 
impinging beam is given by the excitation rate (19) 
(36) 
~ and v0 are the wave number and the velocity of the 
impinging particle, respectively. With the assumption that 
the incoming particle before (~) and after (~') the scattering 
process is in a plane wave state we obtain the expression 
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In order to calculate the different excitation functions (e,c,p) 
various approximations are necessary concerning the 
screening function, the transition matrix element and the 
particle energies. Besides the excitation of conduction 
electrons by decay of plasmons which will be discussed in 
the following in more detail, only a brief discussion of the 
other excitation functions should be in order here. The 
excitation of conduction electrons via screened particle-
electron interaction (e) can be calculated within the free-
electron-gas picture. The RPA dielectric function (22 to 24) 
was used in the evaluation of the excitation function (37). In 
order to calculate the excitation from core states (c) the same 
formula (37) can be used. By reason of the large frequency 
argument in the dielectric function screening can be 
neglected. The crystal electrons are described within a Bloch 
scheme. The core states and the excited states of the 
electrons are described by Bloch sums and orthogonalized-
plane-waves, respectively. A simple model for the excitation 
by Auger processes was discussed previously (Rosier, 199 I; 
Rosier and Brauer, 1991). The excitation functions 
concerning the different mechanisms were extensively 
discussed for SEE and the proton-induced electron emission 
by Rosier and Brauer (198la,b, 1984, 1988, 1991, 1992) 
and Rosier (1991, 1993a,b). Numerical results were obtained 
up to now for aluminum. 
All the above mentioned excitation processes occur 
simultaneously. Therefore, a comparison of different 
excitation rates with respect to their energy and angular 
dependence is of fundamental interest. Generally, we can 
state that especially the excitation of conduction electrons 
and of core electrons shows a very pronounced anisotropic 
behavior. Also the energy distribution of excited electrons 
due to the various excitation processes shows a very different 
behavior. As an example, in Fig.4 the different energy 
dependent excitation functions are represented for proton 
impact on Al (£ 0 = 10 MeV). Qualitatively, the same 
behavior can be found in the case of SEE as well as in the 
case of IIEE for other impact energies. Quantitatively, it can 
be stated that with increasing impact energy, the excitations 
related to core states gains in importance compared to the 
excitation related to the conduction band (Rosier and Brauer, 
1992). 
Now we will derive some basic formulas for the 
evaluation of the excitation of conduction electrons by decay 
of plasmons generated by the impinging particle. The first 
microscopical description of this excitation process was given 
by Chung and Everhart (1977). Our representation (Rosier 
and Brauer, 1991) differs in some details from the excitation 
rate derived by Chung and Everhart (1977). However, in 
both cases the strength of the excitation is determined by the 
model potential Fourier coefficients. This is in contrast to 
the model of excitation by plasmon decay used in the Monte-
Carlo calculations of Cailler and Ganachaud ( 1990b) and 
Dubus et al. (1993). 
As mentioned before, interband trans1t1ons of 
conduction electrons are the most important processes which 
determine the plasmon damping. In order to evaluate their 
contribution to the total number of excited electrons, we can 
start from (37). In analogy to the derivation of the formula 
Max Rosier 
(32) for the plasmon damping, the transition matrix element 
in (37) may be expressed by Bloch integrals (30). We ob-
tain2l 
(38) 
In (38), the azimutal angle integration in q-space can be 
transformed to an integral over the energy transfer D. =£ 0-
Ef+ -. In order to obtain a formula for polycrystalline 
m&t/rial, we have to carry out in (38)!......as in the case of 
plasmon damping, an average over the K-directions. Using 
the representation (31) for the Bloch integral, it is useful to 
define by this averaging together with the polar angle 
integration in q-space a function 
EiJc! 
N1KJ(q,D. ,cos0) =-- x 81t2q3 
(D-+D- .,)2 (39) id' fd"' k k+ij+A X (jl "K X 
(D
2
+ IV-l2)(D 2 - _+ IV-12) f K f+q+K K 
xo(Ef+q+rEr+ll) 
where 0= f;_(k,ko)-Then the excitation function may be 
written as 
The mm1mum plasmon wave number qrnin is defined 
below. The 6-integral can be performed using the resonance 




The relevant energy range is restricted on a region of 
width I'(q) about the plasmon energy. The maximum energy 
transfer which is the upper border of 6 is given by 
(42) 
2lin the case of SEE all the energies which appear in (38) 
belong to electrons. In the case of IIEE the energies before 
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Figure 4. Energy dependent excitation function for proton 
impact on Al at £0 =10 MeV. Excitation mechanisms: 
excitation of single conduction electrons (e), excitation by 
decay of plasmons (p), excitation of core electrons (L-shell) 
(c), excitation via Auger processes (a). a8 is the Bohr 
radius. The arrow indicates the vacuum level. 
in the case of IIEE and by 
/l (Eo) = ti2q (2ko -q) 
q 2m 
(43) 
in the case of SEE, respectively. The energy-momentum 
diagram for the evaluation of the excitation of conduction 
electrons by plasmon decay (for proton impact on Mg) is 
shown in Fig.5. In the expression (40) for the excitation 
function, the integration with respect to energy and 
momentum transfer is restricted to the shaded area in this 
figure. The lower limit of q-integration qmin in (40) is 
determined by the maximum of crossing points of the 
plasmon line with the maximum energy transfer or the lower 
boundary of the 6-integration (which is given by the unit 
step function in (38): 8(6-[Ek-EF])). If the lower limit of the 
6-integration EtEF exceeds the plasmon energy hwpCqmin), 
then there is a strong decrease of the exc1tat1on function with 
increasing energy. As we will see later, this decrease leads 
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Figure 5. Energy-momentum diagram for the evaluation of 
the excitation by plasmon decay (equ. (40)). Proton impact 
on Mg. Besides the plasmon energy the upper border of the 
pair excitation spectrum, the maximum energy transfer 
6._51~£__o} for £0 =40 keV, and the full width at half maximum 
(FWHM) f(q) are shown. The integrals over energy and 
momentum transfer in (40) are restricted to the shaded area. 
% is the plasmon cut-off wave number. 
of emerging electrons. In evaluating (40) different 
approximations are useful. Because (41) is strongly peaked 
at the plasmon energy we can take the function N{K/ outside 
the 6.-integral at an appropriately chosen value. Moreover, 
in order to determine the function N[KJ without loss of 
physical information, the Bloch energies in the 8- and o-
function can be replaced by simple parabolic expressions 
supposing that the plasmon energy is large compared with 
the energy gaps at the zone boundaries. In order to obtain 
numerical results for Mg (hep structure), we have to take 
into account interband processes belonging to the reciprocal 
lattice vectors ~[1010], K';[0002], R;[IOl l], and Rt[t012]. 
The corresponding model potential form factors are given by 




eV, and V~ =0.7 9 eY, respectively. For the plasmon 
damping in (41) a simple parabolic interpolation formula was 
used which follows from the experimental results (Kloos, 
1973). 
The discussion of the excitation function by plasmon 
decay will be continued in the next chapter when results for 
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proton impact on polycrystalline Al and Mg will be 
represented. 
Scattering properties 
Starting from equation (13), the transport of excited 
electrons is governed by different mean free paths and 
transition functions. The total mean free path is determined 
by elastic and inelastic scattering processes (Cailler and 
Ganachaud, 1990b; Devooght et al., 1991; Rosier and 
Brauer, 1991). In the same way, we must also take into 
account elastic and ineleastic scattering in the transition 
function. For the total transition function, we may write 
(44) 
The elastic mean free path as well as the elastic part of 
the transition function can be obtained from a partial wave 
analysis. In general, the corresponding phase shifts are 
evaluated within a suitable muffin-tin approximation. 
Numerical values can be calculated using an improved 
version of the old computer program given by Pendry 
(1974). In the case of Al, the atomic potential proposed by 
Smrcka (1970) was used in the Monte-Carlo calculations of 
Cailler and Ganachaud (1990b), Devooght et al. (1991), and 
Dubus et al. (1993). By reason of the marked anisotropy of 
the different excitation rates, it is of fundamental importance 
to include the elastic scattering of excited electrons in order 
to describe the emission phenomena in a correct way (Rosier 
and Brauer, 1988,1991; Rosier, 1993a) 
The inelastic part of the transition function contains the 
contribution of the transition rate (20) and the contribution 
of the excitation rate (19). In analogy to (20), we may write 
(45) 
In the description of transport of inner excited electrons 
most of the scattering processes take place in the 100 eV 
range. Then it is justified to neglect the contributions to the 
transition and excitation rate due to the interaction with the 
core electrons as well as the core contribution to the inelastic 
mean free path. 
The electron-electron contributions to the total transition 
function which are depicted in Fig. 2 are given by Tung and 
Ritchie (1977) and Rosier and Brauer (1991) using the RPA 
dielectric function. These scattering processes are responsible 
for the development of the cascade maximum in the energy 
distribution of emerging electrons. 
Besides the electron-electron transition function there 
are two contributions governed by plasmon processes. The 
first one (W in (20)) is given by the transition rate (21) 
using the s~ond term on the right hand side of the 
representation (25) of the energy loss function. In order to 
determine the second one(~ in (45)), we must go beyond 
the free-electron-gas picture. This excitation rate is related 
to the decay of plasmons which are generated by excited 
electrons. An explicit formula for the evaluation of this part 
of the transition function can be obtained starting from the 
equations (17) and (19). In the case of the excitation function 
(37) the plasmons are generated by the incoming particle. 
Max Rosier 
These particles are energetically well separated from the 
system of conduction electrons. Now, the plasmon which 
decays by interband processes is created by an excited 
electron. Therefore, we have to take into account the 
additional condition that the energy of this electron is high 
enough to generate a plasmon. The matrix element belonging 
to this generation process should be calculated approximately 
using plane waves. The other matrix element which 
describes the interband transitions of conduction electrons as 
a consequence of plasmon decay may be expressed by Bloch 
integrals (30). Then we arrive at 
4 i -, -, - 2 
W:(E,E',cos~)= 8e mk L 1B (k ,k +q+K) I x 




t'J is the angle between the momentum F (of the electron 
which creates the plasmon) and the momentum k (of the 
electron excited from the conduction band by the decay of 
the plasmon). The evaluation of (46) proceeds in the same 
way as in the case of the excitation function (38). With the 
function NrKJ (39) which contains the averaging procedure 
for polycrystalline material the excitation rate WS (E,E',cost'J) 
b 
. p 
may e wntten as 
In contrast to (40), we have to taken into account an 
additional upper border of the ~-integration as discussed 
before. The further steps in the evaluation of (47) follow the 
same line as discussed in connection with equation (40) for 
the excitation function. 
Discussion of the Theoretical Results and Comparison with 
Available Experimental Data 
In the following, we will discuss some results concerning 
the effect of different plasmon processes on the emission 
properties. 
By an iterative solution procedure of the set of equations 
(13), the accumulation of the energy distribution of emerging 
electrons for the different excitation processes can be 
investigated. In the case of SEE, this is shown in Fig. 6 for 
the excitation by plasmon decay for Al at a primary energy 
£ 0 =2 keV. The plasmon shoulder which is related to the 
strong decrease of the excitation rate already appears in the 
distribution. of directly emitted electrons denoted by n =0 in 
Fig. 6 (Rosier, 1993a). The energetic position is not 
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Figure 6. Energy distribution of emerging electrons for 
electron impact on Al in the case of excitation by plasmon 
decay including a raising number of scattering events for the 
excited electrons before they leave the target. £0 =2 keV. 
influenced by the transport process. Because the distribution 
of directly emitted electrons is determined by the excitation 
function itself, the features of the plasmon shoulder can be 
discussed considering the energy dependent excitation 
function. 
Results for the energy dependent excitation function for 
proton impact on Al are given by Rosier and Brauer (1991). 
Using the model potential form factors for Mg given in the 
preceeding section, we obtain the energy dependent 
excitation function shown in Fig. 7. With decreasing impact 
energy there is a shift of the strongest decrease of the 
excitation function (which is responsible for the plasmon 
shoulder in the spectrum of emitted electrons) to higher 
energies (Fig. 7a). This shift is directly related to the shift 
of the plasmon energy depending on the minimum plasmon 
wave number qmin(£0) (see Fig. 8). Then the position of the 
plasmon shoulder is given by: hwp(qmin)-4>. 
The energy dependent excitation function at high impact 
energies is shown in fig. 7b. In this case, the position of the 
plasmon shoulder is approximately given by hwp(0)-4>. With 
the free-electron-gas value for the plasmon energy at zero 
wave number we obtain for this position 11.5 eV for Al and 
7.2 eV for Mg (measured from the vacuum level). The 
Plasmon Effects 
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Figure 7. Energy distribution of the excitation by plasmon 
decay at low a) and high b) impact energies for proton 
impact on polycrystalline Mg. The arrow in b) indicates the 
position of the plasmon shoulder at high impact energies: 
[hw/0)-<I>]. 
additional peaks which are superimposed the energy 
distribution at high impact energies are determined by the 
interband transitions related to the reciprocal lattice vector 
I(,.. This structure, which disappears with decreasing impact 
energy, has no meaning for the energy distribution of 
emerging electrons, because of the scattering processes prior 
to the emission from the solid. 
If there is no crossing point of the maximum energy 
transfer with the plasmon line (see also Fig. 8), then the 
excitation of the plasmon by the impinging particle is im-
possible: SP =O for £0 < £Dllil with 
min { qc) v0 =2v 1+-
2kF 
(48) 
where vF is the Fermi velocity. For Al we obtain £1lli11 = 40 
keV (H+) and= 1.6 MeV (Ar+) and for Mg £1lli11=25 keV 
(H+) and = 1 MeV (Ar+). 
Up to now, there is only a restricted number of 
measurements of the energy distribution of emitted electrons 
at low impact energies. In the measurements of Hasselkamp 
and Scharmann (1983) for proton impact on Al the lowest 
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impact energy is 200 keV. For Mg there are measurements 
of the energy spectra of emitted electrons down to 60 keV by 
Hippler (1988). For the latter case, the corresponding 
derivative spectra (Hippler, 1988) are shown in Fig. 9. 
In Fig. 10 we have plotted the shift of the plasmon 
shoulder at a given impact energy compared with the value 




Besides the RPA result and the shift obtained from (49) 




also the available experimental values for the shift of the 
plasmon shoulder obtained from the measurements of 
Hasselkamp and Scharmann (1983) and Hippler (1988) are 
shown. There is a strong resemblance between the 
calculations and the experimental values. Therefore, the 
statement should be justified that the shift of the plasmon 
shoulder to higher energies with decreasing impact energy is 
directly related to the plasmon dispersion. 
In the case of SEE, there are no measurements of the 
energy distribution of emitted electrons at low primary 
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Figure 8. Maximum energy transfer (equ. (42)) for different 
impact energies in relation to the elementary excitation 
spectrum of the system of conduction electrons (besides the 
plasmon line, only the upper border of the pair excitation 
spectrum is shown). Proton impact on Mg. qmin is the 
minimum plasmon wave number related to the decay of 
plasmons for a given impact energy. 
primary energies an effect of the plasmon dispersion on the 
energy spectra should be expected. However, in this case, 
the basic assumption of a homogeneous excitation (which 
means that the range of the primary electron is large 
compared with the maximum escape depth) used in our 
treatment of the emission phenomena is not fulfilled. Our 
theory is applicable for £0 '?. 1 keV. For these primary 
energies the position of the plasmon shoulder is in every case 
determined by hwpCO)-<I> in accordance with the experiments 
(Everhart et al., I 976; Chung and Everhart, I 977). 
Besides the effect of decay of plasmons which are 
created by the impinging particle the other possibility of 
decay of plasmons generated by excited electrons should be 
taken into account in a complete treatment of the emission 
phenomena. This would be of interest in the case of low 
impact energies if the impinging particle can not excite a 
plasmon directly. Nevertheless, as shown by the 
experimental results depicted in Fig. 11, a plasmon shoulder 
appears also in this case. 
For the impinging Ar- (200 keV) and Xe-ions (800 keY), 
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Figure 9. Measured derivative spectra of emerging electrons 
for proton impact on Mg at different impact energies 
(Hippler, 1988). The bars indicate the position of the 
plasmon shoulder. 
plasmon creation given by (48). However, as shown clearly 
in the derivative spectra, the plasmon shoulder is located at 
the same position as for the proton impact at 200 keV, in 
which case the energetic position of the plasmon shoulder is 
approximately given by the high impact energy limit 
(determined by hwpC0)). Up to now, there was no detailed 
investigation of the role of plasmon decay within the 
transport process of excited electrons. 
In general, we can state in the case of IIEE that with 
decreasing impact energy the upper limit of excitation 
energies for electrons excited from the conduction band by 
single particle collisions decreases also. Energetic electrons 
which are able to create plasmons can be obtained only via 
direct core excitation processes and subsequent Auger 
processes. 
As an example, we have demonstrated in Fig. 12 the 
influence of the excitation rate (47) on the energy 
distribution of emerging electrons for the special case of L-
shell excitations from Al by 1 kev electrons. If we take into 
account the excitation rate ~ (47), we obtain a larger 
number of low energy electrons as well as a weak plasmon 
shoulder. Further theoretical and experimental investigations 
are necessary in order to clarify the role of plasmon 
processes within the emission phenomena. 
Plasmon Effects 
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Figure 10. Shift of the position of the plasmon shoulder 
depending on the impact energy relative to the position at 
high impact energy for proton impact on Al a) and Mg b). 
Data for Al and Mg are given by Hasselkamp and 
Scharmann (1983) and Hippler (1988), respectively. The 
experimental results will be compared with the RPA result 
for the plasmon energy (solid curve) and the result obtained 
using the experimental plasmon energy (dashed curve). 
Conclusions 
Despite the additional difficulties which are connected 
with the excitation and decay of surface plasmons, it is at 
present generally accepted that the shoulder observed in the 
energy distribution of emitted electrons in some NFE metals 
(Al, Mg) can be related to the decay of bulk plasmons 
generated by the impinging particle as well as by the excited 
electrons. Nevertheless, there are some unresolved problems. 
For instance, in the case of Be where the bulk plasmon is a 
well-defined elementary excitation, no structure 
corresponding to the decay of this plasmon was found 
(Hippler, 1988). Furthermore, the role of plasmon decay 
was investigated by Massignon et al. (1980) for electron 
impact on Al. It was shown by these authors that the shape 
of the secondary electron spectrum is not changed if the 
primary energy of the electron beam was lowered until no 
plasmon loss was observed in the energy-loss spectrum. 
Therefore, they conclude that plasmon decay plays no role 
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spectrum was not deconvoluted from the energy-loss 
spectrum at low primary energies the interpretation of the 
results of Massignon et al. (1980) is not conclusive. 
The aim of our investigation is to clarify this 
controversal situation. Not only the existence of the plasmon 
shoulder in the spectra of emitted electrons for proton impact 
on Al and Mg, but also the correlation between the shift of 
the plasmon shoulder to higher energies with decreasing 
impact energy and the plasmon dispersion which was found 
theoretically in accordance with the experimental results (see 
Fig. 10) is remarkable. In our opinion, this result gives a 
strong argument for the hypothesis of plasmon decay. 
In general, it is very difficult to obtain information 
about the different basic mechanisms governing the emission 
phenomena from the measurements of the electron yield or 
the energy spectra of emitted electrons. One example to 
obtain such information about a basic excitation process was 
discussed before. In the last years, a new technique was 
developed which allows us to obtain information about the 
excitation of target electrons by impact of fast electrons. 
Measurements of energy-selected secondary electrons in 
coincidence with energy loss events were performed by 
Pijper and Kruit (1991), Miillejans et al. (1991), Miillejans 
(1992) and Scheinfein et al. (1993). In all these 
measurements, the same primary energy (100 keV) was 
used. For thin carbon foils, rough agreement of the results 
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Figure 11. Energy distribution of emerging electrons and the 
corresponding derivative spectra for impact of different ions 
on polycrystalline Mg measured by Hippler ( I 988). 
In these carbon foils, the plasmon decay channel for creating 
excited electrons (and therefore for secondary electrons) 
plays an important role. 
On the other hand, the measurements on silicon foils by 
Scheinfein et al. (1993) show that in this case the plasmon 
decay is of minor importance as a production mechanism of 
secondary electrons. However, in the measurements of ion-
induced spectra of emitted electrons for Si by Hippler 
(1988), very weak structures appear which were interpreted 
by decay of surface and bulk plasmons. 
Unfortunately, there is no overlap between primary 
energies and materials used in the experiments and in the 
calculations. Only for Al, calculations were performed up to 
E0 = 10 keV which is far below the value of 100 keV used in 
the experiments. It was shown by Rosier and Brauer (1992) 
that with increasing primary energy, the number of electrons 
excited by processes related to core levels (c, a) gains in 
importance compared with the contributions related to the 
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Figure 12. Influence of the excitation probability by plasmon 
decay on the energy distribution of emitted electrons for 
electron impact on Al. Excitation of L-shell electrons. £ 0 = I 
keV. 
to extend the calculations to higher primary energies in order 
to obtain statements about the role of plasmon decay 
processes and the highly localized core excitations for the 
production of secondary electrons. This question is of 
fundamental importance for an understanding of the high 
spatial resolution achievable in scanning transmission 
electron microscopy. Further theoretical and experimental 
investigations of the role of different generation processes 
for secondary electrons in different solids are nessesary. 
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Discussion with Reviewers 
A. Dubus: How could you incorporate surface 
plasmon effects in your model? 
Author: In order to incorporate surface plasmon effects in 
our model, it is necessary, in general, to solve the 
Boltzmann equation including the spatial dependence of the 
corresponding excitation function Ss . However, the 
excitation rate of conduction electrons &y surface plasmon 
decay decreases exponentially with the distance from the 
surface (Chung and Everhart, 1977). Then it is justified in 
a first approximation to neglect scattering processes of the 
excited electrons poduced by this mechanism. With this 
assumption the Boltzmann equation (6) reduces to the simple 
equation 
i'. a t - I 
v(E I N(x;E 1,0.1)-v(E'}cosa. 1 N(x;E ,Q) 
l(E'} ax 
- • I -/ -Ssp(x,E0,E ,Q) 
The solution of this equation, which governs the number of 
emerging electrons is given by Puff (1964a). At x=0 we 
obtain 
- " 
- 1 J dxe - l(E'ic<,.a.' Ssp(x;E1,0.1) 
v(E')cosa.1 0 
Explicit results can be obtained from this formula using, for 
instance, the excitation function given by Chung and 
Everhart (1977). 
A. Dubus: Could you briefly comment on the plasmon 
effects in secondary electron emission when the target is not 
a nearly-free-electron metal (other metal, semiconductor, 
insulator, compound material, ... ) ? 
Author: By our calculations for Al and Mg it is shown that 
plasmon effects should be visible in the energy spectra of 
emerging electrons if the plasmon is a well defined 
elementary excitation with low damping. Only in this case, 
we obtain a distinct decrease of the excitation function and 
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therefore, a plasmon shoulder which energetic position is 
roughly given by hwp + Er W. However, there is only a 
small number of experiments related to these structures in 
the energy spectra at low energies. As shown by Hippler 
(1988), there is in some cases agreement between the 
energetic position of the plasmon structure obtained from 
theory and experiment (Si, Ti, Nb), in other cases there are 
unresolved problems (for Be a plasmon shoulder 
corresponding to the value of 18.4 eV for the plasmon 
energy was not found). In general, independent from this 
special structure in the energy spectra, plasmon decay as an 
additional channel for generating excited electrons should be 
more or less important in different materials. For instance, 
this is shown for insulators by Akkerman et al. (Akkerman 
A, Breskin A, Chechik R, and Gibrekhterman A (1993). 
Secondary Electron Emission from Alkali Halides Induced 
by X-Rays and Electrons, in Ionization of Solids by Heavy 
Particles, Proceedings of the NATO Advanced Research 
Workshop, ed. R.A. Baragiola (Plenum, New York), p. 359) 
and Tyutikov and Shakhmin (Tyutikov AM and Shakhmin 
AL (1992). Secondary electron emission from lead silicate 
glasses considered from the point of view of the plasmon 
theory of emission, Sov. Phys. Solid State 34, 1549-1552). 
Detailed calculations are necessary in order to clarify the 
role of this plasmon mechanism of electron excitation 
compared with other possible excitation mechanisms in non-
nearly-free-electron solids. 
R. Bindi: Could you comment the remark above equation 
(38) in the text: " .. .in contrast to the model of excitation by 
plasmon decay used in the Monte-Carlo calculations by 
Cailler and Ganachaud (1990b) and Dubus et al. (1993)? 
Author: Concerning the plasmon processes the basic 
assumption in these calculations is that the decay of every 
generated plasmon leads to the excitation of one conduction 
electron. Furthermore, it was assumed that the probability of 
excitation of the conduction electron by plasmon decay is 
proportional to the level density in the initial and final states 
Q(E) (E+hwp). In the case of Al Q(E)-£ 112 was used. 
Besides the normalized probability 
E, 
J dE 1E 1(E 1+11w/q)) 
0 
the excitation function is determined by the probability 
density for a momentum transfer 11q, per unit path length 
(Ganachaud and Cailler, 1979a) 
Within this approach the excitation function is independent 
from the special features of the band structure of Al. 
In NFE metals the band structure can be described 
within a model potential scheme. Electron wave functions 
Max Rosier 
end energies can be obtained by perturbation theory with 
respect to this weak model potential. The interband processes 
which govern the plasmon damping as well as the excitation 
of conduction electrons by decay of plasmons can be 
described with sufficient accuracy with a two-band model. 
The resulting expression ( 40) for the excitation function 
consists of the contributions of different interband transitions 
(related to different reciprocal lattice vectors in an extended 
zone scheme). This means that the number of excited 
electrons by this mechanism is directly related to the 
deviation of the band structure from the free-electron- like 
behavior in the region of the zone boundaries. It is important 
to note with respect to this point, the strong resemblance of 
our approach with the theoretical description of the excitation 
by plasmon decay given by Chung and Everhart (1977). 
J. Schou: The question of why no plasmon shoulder has been 
observed in the nearly-free-electron metal beryllium is 
important. There seems to be a general consensus in the 
literature that the samples have to be cleaned carefully so 
that the metal oxide at the surface is removed. Hasselkamp 
indicates in his thesis (1985) that beryllium was 
comperatively difficult to clean. Once, there is a small 
amount of oxide in the metal, the free-electron model for the 
metal is no longer valid. Does the treatment of the author 
indicate, at what limits the impurity content deletes the 
plasmon shoulder in the electron spectrum? Does the (small 
amount of) impurity preferentially prevent the generation of 
plasmons or the decay, or both? 
Author: At first it can be stated, that measurements on Be by 
Hippler (1988) have shown, that in the energy spectra of 
emitted electrons a structure at 11 eV appears. This structure 
was obtained by impact of different ions (H+ and Ar+: 100 
- 800 keY; H2 : 200, 400 keY; H/ 300, 600 keY). In 
contrast to the comments about the target cleanness given by 
Hasselkamp (Hasselkamp D (1985). Die Ioneninduzierte 
kinetische Elektronenemission von Metallen bei mittleren und 
grossen Projektilenergien (The Ion-induced Kinetic Electron 
Emission of Metals at Medium and High Projectil Energies). 
Habilitationsschrift (Thesis), University of Giessen, 
Germany) the analysis of Auger spectra of the Be samples 
used by Hippler (1988) show no structures related to oxygen 
and carbon (see Tab. 5.1 of Hippler (1988)). Furthermore, 
in Rippler's work there is no remark about a small amount 
of BeO within the samples. As mentioned by Sturm and 
Oliveira (Sturm K and Oliveira LE (1981). Wave-vector-
dependent plasmon linewidth in the alkali metals. Phys. Rev. 
B24, 3054-3062) the plasmon decay via impurity-assisted 
transitions is of minor importance in alkali metals. The same 
conclusion should be justified also for other simple metals. 
Therefore, in the opinion of the author, the failure of the 
NFE approximation for Be remains, from this point of view, 
an open question. 
At the other hand, the experimental values for the bulk 
plasmon energy loss at zero wave number is given by 18.5 
to 19 eV in accordance with the free-electron-gas value 
hwpC0)= 18.4 eV (Raether, 1980). However, the observed 
structure in the energy spectra at 11 eV cannot be related to 
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a hypothetical positions of the plasmon shoulders at hwf 
<I>"" 14.5 eV (bulk) and 9.1 eV (surface) using 4>=3.9 eV. 
Therefore, the origin of the structure is not clear at present 
(Hippler, 1988). In Tab. 5.1 of Raether (1980) the value of 
the plasmon damping at zero wave number is given: r ""4.4-
5 eV. This value is considerable larger than the 
corresponding one used by Sturm (1976) for a comparison 
between experiment and theory. The interband contribution 
to the plasmon damping calculated by Sturm (1976) of 2 eV 
is clearly below the above mentioned experimental values. 
However, from this disagreement, the assumption that other 
mechanisms are responsible (or comparable with the 
interband mechanism) for the plasmon damping of Be is not 
conclusive, because there are some uncertainties in the 
determination of the model potential suitable for Be. 
Related to the large value of the plasmon damping in Be 
a final point should be noted. From our calculations follow 
that a marked decrease of the excitation function by plasmon 
decay can be obtained only for relatively small values of the 
plasmon damping. This is fulfilled for Al (r(0) =0.5 eV) and 
Mg (r(0) =0. 7 eV). For Be we have a considerable larger 
value which leads to an extension of the shaded area in Fig. 
5 which is responsible for the determination of the 
integration limits. This results in a smearing out of the 
structures in the excitation function. Therefore, from a 
theoretical point of view, the probability of the appearance 
of the plasmon shoulder is reduced. This question can be 
decided only by an explicit calculation of the energy and 
angle dependent distribution of the emerging electrons 
including all relevant excitation mechanisms. 
J. Schou: The author indicate in Rosier (1993b) that the 
contribution from plasmon decay to the yield from aluminum 
is considerable, but less than one-half for all proton energies 
studied. Do the different contributions to the proton-induced 
yield for magnesium follow the same trends? 
Author: Up to now there are only calculations of the 
different excitation functions for Mg. A comparison of the 
energy dependent excitation functions related to these 
different excitation mechanisms leads to a similar behavior 
as shown in Fig.4 for Al. From these results it is not 
justified to make a conclusion about the relative importance 
of the different excitation mechanisms. A full transport 
theoretical calculation of the electron yield would be 
necessary in order to obtain a statement about the importance 
of the contribution from plasmon decay for Mg. Such a 
calculation is in progress. 
